ABSTRACT The present study reports on layer chickens with colibacillosis in 2 commercial egg-producing farms (referred to as farm A and farm B, which were managed by the same owner and were about 1 km apart) in the middle region of the Korean peninsula. The 2 flocks were infected at the initiation of egg laying. They were characterized by no previous clinical signs but sudden mortality (2.7-4.0%), with severe lesions of septicemia and fibrinous polyserositis. Escherichia coli was isolated from the lesions of the infected birds. Serotyping tests identified isolates that belonged to somatic groups O1 (12/17), O46 (2/17), O78 (1/17), and O84 (1/17) or that were unidentified (1/17). Thirteen of 17 E. coli isolates (76.4%) obtained from 11 birds in the 2 flocks showed similar pulsed-field gel electrophoresis patterns that were arbitrarily designated as pattern A. The isolates had high frequencies of putative virulence genes including 100% [fimC (type 1 fimbriae), iucD (aerobactin synthesis), and iss (increased serum survival)], 94.1% [cva/cvi (structural genes of colicin V operon) and vat (vacuolating autotransporter toxin)], 88.2% [irp2, iron-repressible protein (yersinia bactin) synthesis, and fyuA, ferric yersinia uptake], and 82.3% [tsh (temperature-sensitive hemagglutinin)]; astA (encoding a heat-stable cytotoxin associated with enteroaggregative E. coli) was not associated with the enteric disorder. These data suggest that all chickens with colibacillosis on farms A and B were likely infected by E. coli strains that are highly pathogenic in avian species.
INTRODUCTION
Escherichia coli is a part of the normal microflora in the poultry intestine, but certain strains, such as those designated as avian pathogenic E. coli (APEC), spread into various internal organs and cause the systemic fatal disease colibacillosis (La Ragione and Woodward, 2002; Barnes et al., 2003; McPeake et al., 2005) . Although the main route of entry is thought to be the respiratory tract, ascending infections of the oviduct and translocation of E. coli from the intestine into the blood stream and organs also contribute to disease development and progression (Ginns et al., 1998) . However, the pathogenesis of this disease in poultry remains unclear.
Colibacillosis is one of the main causes of economic loss in the poultry industry worldwide. Losses attributable to colibacillosis in broilers have been described (Cavero et al., 2009 ). The effect of this disease in layer flocks has also been recognized; some case studies in Europe and Japan from the mid 1990s found that colibacillosis can cause severe losses in layer hens (Dhillon and Jack, 1996; Jordan et al., 2005) . A distinct syndrome associated with colibacillosis was found in laying hens that is characterized by acute mortality without prior clinical signs of the disease and without a significant effect on egg production or quality. Necropsy examination showed that infected layers had lesions indicative of colisepticemia. The majority of colisepticemia outbreaks occur around the period of peak egg production (Zanella et al., 2000; Vandekerchove et al., 2004a; Trampel et al., 2007) .
Several serotypes (including O1, O2, and O78) cause colibacillosis and a range of virulence factors have been described (Blanco et al., 1998) . The potential virulence factors, including adhesins, iron acquisition systems, hemolysins, antibactericidal factors, and toxins, have been implicated in promoting the severe disease situations in avian species (Yamamoto and Echeverria, 1996; Schubert et al., 1998 Schubert et al., , 2000 Janßen et al., 2001; Ewers et al., 2004 Ewers et al., , 2005 Ewers et al., , 2007 . The molecular epidemiology of Characterization of Escherichia coli isolates from laying hens with colibacillosis on 2 commercial egg-producing farms in Korea APEC outbreaks has been investigated by PCR-based methods, particularly for the presence of a range of virulence factor genes, and by pulsed-field gel electrophoresis (PFGE), which has proved to be a reliable method (Ewers et al., 2004; Jeffrey et al., 2004) .
We observed a colibacillosis outbreak that occurred in 2 flocks among birds 16 to 21 wk of age as they began to lay eggs. The objective of the present study was to characterize the disease-related durations affecting the flocks. We also differentiated the E. coli isolates obtained from these cases using PFGE and determined the distribution of virulence-associated genes among the isolates.
MATERIALS AND METHODS

Flocks and Housing
The colibacillosis outbreaks occurred in 2 farms. Each was stocked with approximately 100,000 brown egg layers (1-wk age difference between the farms), and both farms were managed by the same owner. The outbreak first began on farm A (the birds in farm B were 1 wk younger than those on farm A) in June 2010 when the birds were 16 to 17 wk old. The outbreak appeared 2 wk later in farm B, which was approximately 1 km away from farm A. The birds in each flock originated from different rearing houses; those on farm A were reared in cages, and those on farm B were reared on the floor before being transferred to their respective laying cages at 15 to 16 wk of age. All the birds were kept in modern houses in cages (5 birds/cage) that had controlled ventilation. The same vehicles for transporting eggs and feed for the chickens were used on the both farms.
Postmortem Examination
Five 25-wk-old birds from farm A and six 24-wkold birds from farm B were submitted for postmortem examination. The birds were surface disinfected and necropsies were performed. For histopathology, tissues samples were taken (trachea, lung, heart, liver, spleen, air sac, and brain), fixed in 10% neutral-buffered formalin, and embedded in paraffin blocks. Sections were then cut (5 µm thick) and stained with hematoxylin and eosin.
Bacterial and Viral Isolation
For bacterial isolation, swabs collected from liver, oviduct (from the infundibulum to uterus), and body cavity (parietal peritoneum lesion) were individually subjected to bacteriological examination by streaking onto both 5% sheep blood agar (Komed Co. Ltd., Sungnam, South Korea) and MacConkey agar and were used to inoculate 10 mL of trypticase soy broth. The solid media plates and broths were then incubated at 37°C for 24 h under aerobic conditions. The bacteria were identified by their morphology, growth characteristics, and Gram staining. A presumptive identification of E. coli was based on its colonial morphology on blood and MacConkey agar. Gram-negative organisms that were either oxidase positive or oxidase negative were tested with API 20NE or 20E (bioMerieux, Marcy l'Etoile, France), respectively. Gram-positive organisms were tested with API ID 32 Staph or API 20 Strep (bioMerieux). For virological examination, 10% homogenates of the cecal tonsils, liver, trachea, and proventriculus were used to inoculate the allantoic cavity of 9-d-old specific pathogen-free (SPF) embryonated eggs.
O Serotyping
A total of 181 antisera from the E. coli Reference Centre of the University of Santiago de Compostela (Santiago de Compostela, Spain) were used to serotype the E. coli strains. Serotyping was performed using a microtiter agglutination test as described by Guinée et al. (1972) .
PFGE
The PFGE patterns of the E. coli isolates were analyzed according to the one-day (24-28 h) standardized PulseNet rapid E. coli PFGE method (CDC, 2004) with slight modifications as described previously (Ozawa et al., 2008) . The PFGE patterns were analyzed using BioNumerics software (Applied Maths, Sint-MartensLatern, Belgium) with the Dice coefficient of similarity, the unweighted pair group method with arithmetic averages, and a position tolerance of 1.3%. A PFGE type was defined as a group of isolates with a ≥80% similarity and a subtype within each type was defined by 100% similarity.
PCR Analysis
Details of the target genes, gene function, and primer sequences are presented in Table 1 . Bacteria were grown overnight on MacConkey agar at 37°C. The DNA was extracted by the bacteria boiling for 10 min. The PCR assays were conducted in 25 µL of reaction mixture comprising 1× reaction buffer (Promega, Madison, WI), 1.5 mM MgCl 2 , 200 µM each deoxyribonucleotide triphosphate (Promega), 400 to 600 nM of each primer (Bioneer, Daejeon, South Korea), and 1 U of Taq DNA polymerase (Promega). For duplex PCR assays, an additional set of primers was added to the reaction mixture. The PCR program included an initial denaturation for 5 min at 94°C followed by 30 cycles of 30 s at 94°C, 30 s at 55 to 65°C, and 30 s at 72°C, then a final extension step of 7 min at 72°C. The PCR products were analyzed by electrophoresis on a 2% agarose gel.
RESULTS
Clinical Symptoms
In May 2010, a total of twenty-five 16-wk-old birds (0.25%) on farm A suddenly died after being transferred from a rearing house (Table 2 ). The mortality rate increased to 922 (9.22%) when the birds were 20 wk old and gradually decreased thereafter. However, the outbreak did not disappear completely when the birds were 29 wk old. The early stage of the outbreak on farm B occurred around mid April 2010 and was characterized by mortality rates that increased slightly and constantly when the hens were between 16 and 18 wk old. The mortality rate reached 3.99% when the hens were 22 wk old in July 2010 before gradually declining. Total losses attributable to the disease on farm B were 2,709 (2.7%) from 16 to 29 wk of age. The changes in mortality rates observed on farm B were very similar to those observed on farm A. The outbreak on both farms continued for more than 14 wk in part because Korean regulations prohibited the use of antibiotics in egg-laying chickens. Both flocks started laying eggs at 18 to 21 wk of age, and egg production reached a plateau when the hens were approximately 24 wk old.
Necropsy and Laboratory Findings
Gross lesions characteristic of septicemia were found in the birds from farm A. Four out of 5 birds had fibrinous perihepatitis and pericarditis (Figure 1) . Some of the ovarian follicles in 3 birds were congested and regressed; other follicles were mildly to moderately flaccid and wrinkled because of rupture of the theca wall, resulting in egg yolk peritonitis. In addition, 3 birds had mild to moderate salpingitis accompanied by cream-colored, caseous exudate leading to dilation. Bird 2 had multiple necrotic foci in the liver and an enlarged spleen. Histologically, microscopic lesions associated with pericarditis, perihepatitis, fibrinous egg yolk peritonitis, and airsacculitis with heterophilic cell infiltration and bacterial colonization were present. Gross and microscopic changes in birds from farm B were similar to those in birds from farm A. Fibrinous exudates on the surface of the heart, liver, and peritoneum in all 6 birds were accompanied by moderate salpingitis, especially in bird 4.
Cultures from specimens taken from 4 individual livers, 3 oviducts, and 1 peritoneum were grown on blood and MacConkey agar plates and produced numerous colonies of gram-negative, rod-shaped bacteria later identified as lactose-fermenting E. coli. In addition, the MacConkey plate swabbed with samples from the liver of bird 3 produced some colorless colonies of gramnegative, rod-shaped bacteria identified as a non-lactose-fermenting E. coli. The specimen taken from the liver of bird 2 yielded numerous colonies of gram-positive bacteria later identified as Staphylococcus aureus. Moreover, 9 lactose-fermenting E. coli isolates from 6 
E. coli Serotyping
The E. coli isolated from both flocks were serotyped by the E. coli Reference Centre of the University of Santiago de Compostela (Spain). Sixteen out of 17 E. coli strains were serologically characterized whereas 1 isolate remained unidentified. A total of 12 E. coli isolates from the 2 affected flocks (5 strains from farm A and 7 strains from farm B) were serotyped as O1 (12 isolates from both farms A and B), O46 (2 isolates from farm A), O78 (1 isolate from farm A), and O84 (1 isolate from farm B; Table 3 ). The serotype of isolates from the oviducts and livers in each bird was identical. It is possible that the O1 isolates from both farms were suggested to be important pathogens in the layers. The flagellar groups of the bacteria could not be serotyped.
PFGE Patterns of E. coli Isolates
The PFGE of chromosomal DNA from 17 E. coli isolates digested with XbaI showed stable and reproducible patterns consisting of 13 to 16 fragments (Figure 2) . The predominant genotype accounting for 11 strains from both flocks was genetic type A. Genetic similarities of the PFGE profiles, as demonstrated by the dendrogram (Figure 2) , showed 6 clusters. The first consisted of 6 profiles (from A1 to A6) from 5 strains isolated from flock A and 6 strains isolated from flock B. Minor patterns consisted of profiles (containing B, C, D, E, and F types) from 1 or 2 isolates.
PCR Analysis
We screened all 17 isolates from the affected flocks for each of the 9 genes associated with virulence. All isolates had 100% of the 3 putative virulence genes: fimC (type 1 fimbriae), iucD (aerobactin synthesis), and iss (increased serum survival). On the other hand, none of the isolates carried the astA gene (encoding a heat-stable cytotoxin associated with enteroaggregative E. coli). It was thought that most O1 and O48 strains from both affected flocks and 2 O48 strains from farm A also harbored 8 virulence genes including fimC, tsh (temperature-sensitive hemagglutinin), irp2 [ironrepressible protein (yersiniabactin) synthesis], fyuA (ferric yersinia uptake), iucD, cvaA/B (colicin V), iss, and vat (vacuolating autotransporter toxin; Table 3 ), indicating high pathogenicity in avian species.
DISCUSSION
Our study determined that E. coli was the causative agent of the septicemia and mortality in the commercial layer farms we investigated. The characteristic lesions observed in this study were attributed to colibacillosis associated with fibrinous pericarditis, perihepatitis, peritonitis, and salpingitis, which were prominently consistent with those in the layers affected with colisepticemia as described in previous reports (Barnes et al., 2003; Vandekerchove et al., 2004b; Jordan et al., 2005; Cavero et al., 2009 ). Generally, it is possible that E. coli may act as either a primary pathogen or cause secondary infections that occur after immunosuppression caused by another bacterial or viral infection (Shane, 2007; Someya et al., 2007) . The majority of colibacillosis outbreaks among laying hens appear around peak egg production, which is believed to be an important stress factor that contributes to disease development and progression (Someya et al., 2007; Ozaki and Murase, 2009 ). In the present study, it was assumed that the 2 farms were affected with a certain primary pathogenic E. coli because no evidence was found of viral infections such as Newcastle disease or low pathogenic influenza, which were strongly considered as predisposing factors contributing to secondary infection with E. coli (Barnes et al., 2003) . The above viral diseases have been well known as enzootic diseases common throughout the Korean peninsula (Lee et al., 2009) .
Among the isolates from the 2 farms experiencing outbreaks of colibacillosis in this study, 12 out of 17 (70.5%) were serotype O1. Similarly, initial studies of APEC found that certain serogroups, particularly O1, O2, and O78, are more commonly associated with colibacillosis (Ike et al., 1990; Zanella et al., 2000; Vandekerchove et al., 2005; Ozawa et al., 2008) . However, serotyping cannot be recommended as the sole diagnostic tool for identifying APEC, especially in light of the fact that serotyping does not reflect the virulence of a strain. We used PCR virulotyping to examine the E. coli isolates in this study. Our results showed that E. coli isolated from the affected farms was highly pathogenic based on the frequency of putative virulence genes encoding adhesin as well as proteins for increased serum survival and iron uptake. This study also found a 100% frequency of both cva/cvi and iss genes among the E. coli isolates. This is higher than previous investigations that found a 35.5 to 62.7% frequency of cva/cvi and 38.5 to 82.7% frequency of iss (Maurer et al., 1998; Pfaff-McDonough et al., 2000; Delicato et al., 2003; Ewers et al., 2004 Ewers et al., , 2005 .
In the present study, PFGE was used to analyze the relationship among the E. coli strains. Information from the phylogenetic analysis was used to determine whether any genetic differences existed between E. coli of the same serotype and origins (Rodriguez-Siek et al., 2005; Timothy et al., 2008) . Our results suggested that genetically related strains caused the outbreaks of colibacillosis on 2 farms. The E. coli isolated from the lesions of the affected birds in the 2 flocks exhibited A1 to A6 PFGE patterns, indicating that the strains were closely related according to the established criteria for subtyping of bacteria by PFGE. It was suggested that horizontal transmission of certain E. coli strains to each farm was accomplished through vectors including humans and vehicles.
In conclusion, colibacillosis causes significant economic losses accompanied by high mortality rates. In this study, serotype O1 E. coli was isolated from the affected farms more often than other serotypes. These strains were considered to be highly pathogenic in avian species and had a close genetic relationship. However, more research is needed to further characterize the infection routes and to understand predisposing factors underlying subsequent colibacillosis outbreaks among laying chickens.
